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Abstract 
A method of virus-induced post-transcriptional gene silencing for studying rbcS gene function was established and 
optimized using tobacco rattle virus vector and potato X virus vector as materials in this study. The following 
analyses were conducted: phenotypic characterization of rbcS gene silenced plants, transcription levels of rbcS gene 
by RT-PCR, and protein levels of rbcS by the antibodies of rbcS. For feasibility assessment of the PVX and TRV 
vectors on the VIGS for studying gene function, the statistical analysis was first employed in which it contained the 
two-factor variance analysis model and F-test based upon a large amount of data of the response of photosynthetic 
rates, the photosynthetic active radiation intensity and CO2 concentrations generated from the rbcS silenced and 
control plants. Our findings suggested that TRV vector was superior to PVX vector.  
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. Introduction 
In plants, virus infection triggers an RNA-mediated defense mechanism that targets the viral genome 
in a nucleotide-sequence-specific manner (Ratcliff et al., 1999). The RNA-mediated defense mechanism 
is related to the post-transcriptional gene silencing (PTGS) (Al-Kaff et al., 1998).  
Virus vectors carrying the host-derived sequence inserts may be exploited in a non-transgenic plant 
and target both the viral genome and the host gene corresponding to the insert and lead to the degradation 
of homologous RNA from among endogenous genes, transgenes or RNA viruses (Meins, 2000; 
Tijsterman, 2002).  As a result, the target gene (s) in the infected plant lost the function or the expression 
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was reduced in some extent. The process of constructing a virus vector and monitoring symptoms on 
infected plants can normally be completed within a few weeks, namely virus-induced gene silencing 
(VIGS). A powerful approach of VIGS may be taken for the potential action for studying the target gene 
function and circumvent these problems (Baulcombe, 1999). Because this technique provides a simple, 
rapid means of assigning function to genes that have been sequenced but are otherwise uncharacterized, 
in particular for multi-gene families, the gene silencing mechanism will target not only the precise 
homologue of the gene in the VIGS vector; but also target partial homologues that vary by up to 10 or 
20% (Dean et al., 1989; Hudson et al., 1992; Baulcombe, 1999).  
In these cases, the virus vectors always play an important role. Several viruses, including tobacco 
mosaic virus (TMV) (Kumagai et al., 1995), potato virus X (PVX) (Ruiz et al., 1998), tomato golden 
mosaic virus (TGMS) (Ratcliff, 2001) have been developed as the VIGS vector. These virus vectors were 
transformed into Agrobacterium for infiltrating the leaves of target plant or transcribed in vitro for 
directed inoculating on the plant. This system enables the gene expression to be completed in a short 
period of time and without the need to produce transgenic plants (Angell et al., 1999; Chuang et al., 2000; 
Thomas et al., 2001; Johansen et al., 2001; Vaistij et al., 2002).  
However, although it is effective for that these vectors were used to confirm the function of cellulose 
biosynthetic gene from Nicotiana tabacum (Burton et al., 2000), they have intrinsic disadvantages, such 
as, in TMV, PVX and TGMV, the superimposed, chlorosis, and necrosis phenotype in leaves infected by 
the virus. A novel VIGS vector based on tobacco rattle virus (TRV) was described (Ratcliff et al., 2001). 
Here we provide a feasibility analysis of PVX and TRV vectors as the VIGS tool for studying gene 
function by statistical analysis of the two-factor variance analysis model and F-test. Our findings suggest 
that the tobacco rattle virus vector (TRV) is superior to potato virus X vector (PVX) in VIGS to study the 
rbcS gene function. This is the first report to assess the feasibility of virus vectors as the VIGS tool for 
studying gene function.  
2. Results 
2.1 The rbcS Gene Silenced Tobacco Plants by VIGS 
Ribulose bisphosphate carboxylase small subunit (rbcS) gene was used as the target gene, which 
belonged to a multi-gene family. Three week-old Nicotiana benthamiana plants were infiltrated with 
either a mixture of Agrobacteria containing pBINTRA6 and pTV.rbcS, or pGR107.rbcS alone. As a 
control, similar plants were infiltrated with either water (mock) or Agrobacterium containing the wild 
virus vectors (TRV or PVX). The phenomena began to appear in the upper leaves in rbcS gene silenced 
plants around 11 day post-infiltration (dpi) and the symptom was more intense about 25 dpi (Fig. 1). In 
order to detect the rbcS mRNA levels in silenced tobacco, the rbcS mRNA amount was semi-quantified 
by a “housekeeping” gene encoding for glyceraldehydes-3’-phosphate dehydrogenase (GAPDH). The 
results showed that the amount of rbcS mRNA was distinctly decreased in rbcS silenced plants (Fig. 2) 
(data not shown) (Zhou, 2006). Meanwhile, rbcS accumulation was decreased post-transcriptionally in the 
rbcS silencing tobaccos indicated by Western blot analysis (Fig.3). These results showed that the 
symptom development was associated with the level changes of rbcS mRNA and rbcS expression in rbcS 
silenced plants.  
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Figure 1. The phenomena of rbcS gene silencing in N.benthamiana. 
(A) Tobacco leaves were mock-inoculated as control (Fig 1.A1), inoculated with pgR107.rbcS (Fig 1. A2) and pgR107 (Fig 1. A3). 
The leaves were photographed at 25 dpi. (cited Zhou et al., 2006). 
(B) The tobacco plants infected with pTV.rbcS. There were mild symptoms in TRV infection (Fig1. B2). The height of plants 
infected with pTV.rbcS was lower than the control plant (Fig 1. B1). (cited Zhou et al., 2005). 
 
Figure 2. Effects of VIGS on transcription level of rbcS gene. 
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The agarose gels of RT-PCR products generated from primers for rbcS mRNA (Fig 2. Aand C) and 
GAPDH mRNA (Fig 2. B and D). The total RNA was isolated from leaves of the plants inoculated with 
water (the control), pgR107 (pTV) and pgR107.rbcS (pTV.rbcS) in three infection phases as 11 dpi, 22 
dpi and 40 dpi.   
M: DNA molecular markers, from top to bottom are 2000 bp, 1000 bp, 750 bp, 500 bp, 250 bp, 100 bp 
 
Figure 3. Western blotting analysis with anti-rbcS antibody. 
(A) Western blotting analysis of the pTV-rbcS infected plant 
(B) Western blotting analysis of the pgR107-rbcS infected plant, cited Zhou et al., 2006 
1. Rubisco (from Sigma), 2. Control plants, 3. The plants infected with pTV00 or pgR107, 4. The plants infected with pTV-rbcS 
or pgR107-rbcS.   
M: protein molecular marker. 
2.2  Functional Analysis of rbcS Gene  
Since Ribulose-1, 5-bisphosphate (RuBP) carboxylase/oxygenase (Rubisco) catalyzes the first step in 
net photosynthetic CO2 assimilation and photorespiration carbon oxidation (Robert and Michael 2002) we 
focused on the photosynthetic regulation of rbcS gene. In order to analyze the response of the rbcS 
silenced plants and control plants to the photosynthetic active radiation intensity and CO2 concentrations 
by photosynthetic system (LI-6400P  LI-COR Inc.), four test groups were assigned: group 1 and 3 were 
assigned based on the response of photosynthesis rate on CO2 concentration and photosynthetic active 
radiation (PAR) in rbcS silenced plants infected with PVX vector; group 2 and 4 were infected with 
pTV.rbcS. Each group included three materials: the control plant; the plants infected with non-
recombinant vectors (pGR107 or TRV vector); the plants infected with recombinant vectors 
(pgR107.rbcS or pTV.rbcS). The similar design was used in Table.2  
The data of photosynthetic parameters were showed in Table. 1 and 2. Comparing to control plants, the 
rbcS silenced plants showed the following features: 1) CO2 compensation point became higher; 2). light 
saturation status appeared at a lower light intensity; 3) the photosynthetic rate was distinctly decreased; 4). 
the activation and carboxylation function of Rubisco were reduced. In these plants infected by non-
recombinant PVX vector, however, the photosynthetic rates were also decreased. The slightly less effect 
appeared in tobacco plants infected with non-recombinant TRV vector.  
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2.3 Statistical Analysis 
However, such functional superimposed phenomena always worry the application of VISG in analysis 
of gene function. A novel method for solving the above problem was used, which were the statistical 
analysis based on a great deal of photosynthetic data. The two-factor variance analysis model was 
employed to estimate the effect of the samples in Tab.3 . To analyze the results above if there were 
significant differences between 1 2 3 (the three samples above were denoted as 1 2 3. 1: the effect 
estimation of control plants; 2: the effect estimation of the plants infected by non-recombinant virus 
vectors;  3: the effect estimation of the plants infected by recombinant virus vectors respectively. ). 
The test method is the F-test of the variance analysis. The levels of test:  = 0.10. 
The results showed: 
In group 1: P=0.2018935, P>0.10. 
The conclusion showed that there were no significant differences between 1 2 3, namely, in the 
response to CO2 concentrations, there were no apparent distinction among the control plant, the plant 
infected with pGR107 vector, and the plants infected with pGR107.rbcS. 
In group 2: P=0.08449546, P<0.10. 
The conclusion showed that there were some significant differences among 1 2 3, namely, in the 
response to CO2 concentrations, there were obvious distinction among the control plant, the plant infected 
with TRV vector, and the plants infected with pTV.rbcS. 
In group 3: P=0.1954902, P>0.10. 
The conclusion showed that there were no significant differences among 1 2 3 in the response to the 
photosynthetic active radiation intensity. 
In group 4: P=0.0.06624888, P<0.10. 
This showed that there were significant differences among 1 2 3 in the response to the 
photosynthetic active radiation intensity in the control plant, the plant infected with TRV vector, and the 
plants infected with pTV.rbcS. 
In summary, there were extensive differences among these three materials in group 2 and 4. 
The further analysis showed that 1 2 3 were 1.01125, 0.77875, and –1.79000 in group 2, 
respectively. 
There were significant differences between 1 and 3, but between 1 and 2.This indicated that in 
the response to CO2 concentrations there was obvious distinction between the control plant and the plant 
infected with pTV.rbcS; whereas no clear distinction between the control plant and the plant infected with 
TRV.  
In group 4 1 2 3 were 1.681667, 1.284167, and –2.965833, respectively. 
There were significant differences between 1 and 3, but between 1 and 2. The interpretation 
meaning that in response to the photosynthetic active radiation intensity, there was apparent distinction 
between the control plant and the plant infected with pTV.rbcS; whereas there was no clear distinction 
between the control plant and the plant infected with TRV.  
Therefore it could conclude that TRV vector was more suitable as the tool to study rbcS function than 
PVX vector by means of VIGS.   
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3. Discussion 
In this paper, we demonstrated that the Agrobacterium-mediated VIGS system could be a useful means 
to study the gene function. It was established by induced rbcS endogenous gene silencing in the 
Agrobacterium-mediated transient expression system in which the comparative analysis between RNA 
silenced and non-silenced plants was conducted in various factors to see clearly the changes due to this 
particular gene silenced. Such strategy may be an alternative way for investigating other gene function in 
plants as well. The rbcS gene expression was silenced by the expression of 500 bp homologous cDNA 
fragment carried in the virus vector. The phenotypic analysis, semi-quantitative RT-PCR and western blot 
have been performed in both silenced and non-silenced plants comparatively. Our results were similar to 
that obtained by rbcS antisense DNA technology in tobacco (Benoit et al., 2001; Whitney, et al. 2001). 
These evidences implied that VIGS could get the similar information as did in antisense DNA technology.  
It shows from our results presented in this study that TRV vector is of more advantages than PVX 
vector as VIGS tool for studying gene function.  First, the TRV vector induces very mild symptoms and 
more extensive phenomena (Fig. 1). The second advantage is that there are no clear changes of rbcS 
mRNA amount between the control plant and the plant infected by non-recombinant TRV vector, whereas 
in the plant infected by pTV.rbcS, the rbcS mRNA amount is more distinctly reduced than that of the 
plant infected by pGR107.rbcS (Table. 1). Finally, data from photosynthetic parameters shows that 
Rubisco activity is less affected in the plant infected by TRV vector than that infected by PVX vector. 
The evidence of TRV vector superior to PVX vector in studying rbcS gene function was further 
supported by the statistical analysis of the photosynthetic data. In this study, the two-factor variance 
analysis and F-test were used to evaluate the vector effect in the VIGS together with the molecular 
evidence.  
It is the first time that the VIGS system was employed to study Ribulose Bisphosphate Carboxylase 
small subunit (rbcS) gene function.  
4. Materials and methods 
4.1 Materials and Constructs 
Nicotiana benthamiana plants were grown in a Versatile Environmental Test Chamber at 25oC during 
the day and 20oC in the night. TRV is a positive-strand RNA virus with a bipartite genome. Ratcliff et al 
constructed separate cDNA clones of TRV (strain PPK20) RNA1 (pBINTRA6) and RNA2 (pTV00) under 
the control of cauliflower mosaic virus (CaMV) 35S promoters on the transferred DNA of plant binary 
transformation vectors. The pgR107 is a binary vector based on pgReen0000, which contains CalI-SmaI-
SalI sites and is suitable for PCR product cloning. A 500 bp cDNA fragment of rbcS was amplified from N. 
benthamiana cDNA using Taq DNA polymerase and cloned into the SmaI site of pTV00 or pgR107 to 
form pTV.rbcS or pgR107-rbcS respectively (Ratcliff et al., 2001). The Agrobacterium infiltration method 
was described in (Zhou et al., 2004)  
4.2 Agrobacterium Transformation and Agroinfiltration of Tobacco Plants 
The freeze-thaw method was employed to introduce the pgR107.rbcS into Agrobacterium strain 
GV3101 carrying the pSa-rep helper plasmid. The details of the procedure for Agroinfiltrating tobacco 
plants were according to (Zhou et al., 2004). 
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4.3. Transcriptional Levels and RT-PCR 
The RT-PCR experimental procedure was according to the manufacturer’s instruction (Promega, 
A3500) was described in (Zhou et al., 2006). In the semi-quantitative RT-PCR analysis, glyceraldehydes 
hydes-3’-phosphate dehydrogenase (GAPDH), was used as the control. rbcS cDNA was amplified using 
two primers: rbcS 5  5’-CAGGGATCCCACTTGACGCACGTTGTC-3' and rbcS 3 5'-
CAGGGATCCCACTTGACGCACGTTGTC- 3'. The PCR consisted of 35 cycles (94 °C for 30 s, 56 °C 
for 30 s, and 72 °C for 30 s), followed by 72 °C for 10 min to produce a 500-bp fragment. GAPDH cDNA 
was generated by PCR with primers GAPDH5 5'-CAGGAACCCTGAAGATATCCC-3' and GAPDH3 5'-
GCAGTTGGTACTCTGAAGGCC-3'. The 30 cycles of PCR consisted of 94 °C for 30 s, 50 °C for 30 s, 
and 72 °C for 1 min. These products were purified on garose gels for sequencing to confirm their 
identities. The RT-PCR gels were scanned in a UV image instrument (UVIPhotoMW, BTS-20.M, EEC) 
and relative intensity of the individual band was determined by UVISofe-UVITech, U.K., 1999 software.  
4.4 Western Blotting Analysis 
Total proteins were extracted from fresh leaves of the silenced and control tobacco plants. The samples 
were ground in liquid nitrogen and suspended in phosphate-buffered saline (PBS). The total protein 
concentration was determined by the Bradford method using the protein assay dye reagent. Protein 
samples (3 g) were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
and immunoblot analysis using anti-rbcS antibody (from our lab), respectively. Immunoreactions were 
detected using a horseradish peroxidase-linked secondary antibody followed by staining with 3,3'-
diaminobenzidine (Zhou et al., 2006). 
4.5 Measurement of Photosynthetic Rate.  
The photosynthetic rate of rbcS  to gradient CO2 concentration and the photosynthetic active radiation 
(PAR) intensity were measured with photosynthetic system (LI-6400P  LI-COR Inc.). The four 
experimental groups were assigned as described above. Four test groups were assigned: group 1 and 3 
were assigned based on the response of photosynthesis rate on CO2 concentration and photosynthetic 
active radiation (PAR) in rbcS silenced plants infected with PVX vector; group 2 and 4 were infected 
with pTV.rbcS. Each group included three materials: the control plant; the plants infected with non-
recombinant vectors (pGR107 or TRV vector); the plants infected with recombinant vectors 
(pgR107.rbcS or pTV.rbcS). PAR intensity was enhanced from 0 umol/m2s to 2000 umol/m2s and CO2 
concentrations was increased from 0 umol/mol to 2000 umol/mol during the experiments.        
4.6 Statistical Analysis 
The two-factor variance analysis model and F-test were used to analyze the feasibility of virus vectors 
as a tool for studying rbcS gene function. The two-factor variance analysis model was given below:  
ij= + i + j + ij, i=1,… , , j=1,… ,b,  where  was the total mean and i was the effect of the i sample and 
j was the effect of j block and ij  was the random error.  
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